A method for lightweight-gypsum material design using waste stone dust as the foaming agent is described. The main objective is to reach several physical properties which are inversely related in a certain way. Therefore, a linear optimization method is applied to handle this task systematically. The optimization process is based on sequential measurement of physical properties. The results are subsequently point-awarded according to a complex point criterion and new composition is proposed. After 17 trials the final mixture is obtained, having the bulk density equal to (586 ± 19) kg/m 3 and compressive strength (1.10 ± 0.07) MPa. According to a detailed comparative analysis with reference gypsum, the newly developed material can be used as excellent thermally insulating interior plaster with the thermal conductivity of (0.082 ± 0.005) W/(m·K). In addition, its practical application can bring substantial economic and environmental benefits as the material contains 25 % of waste stone dust.
INTRODUCTION
Designing an optimal composition of any composite material is always an experimentally and numerically difficult task. The components of composite materials react synergically and the improvement of one property leads very often to deterioration of other properties [1] - [2] . Speaking of the gypsum based materials, it is practically impossible to find optimal composition based on theoretical experience only and all the designed materials have to be investigated experimentally as well.
Most of the gypsum based materials can be considered as multi-componential. It means, besides gypsum and water, they are also formed by some additives such as plasticizers, setting regulators, fibers, or foaming agents. The approaches aiming at design of multi-componential gypsum based materials have not been very systematic so far. The composition has often been formulated randomly; sometimes it has been based on the results of previous experiments, results obtained from the testing of different binders and recommendations of the producers of the particular additives. These approaches do not take the synergical effects between particular components into account, therefore the optimal composition may be hard to find. Summarizing all the mentioned negatives of current design practice, application of optimization methods for design of gypsum based composites will bring indisputable benefits.
According to the latest literature review only marginal attention has been paid to the application of optimization methods for design of gypsum based composites [3] - [5] . Using the stepwise optimization method, Arikan and Sobolev [3] tried to design the gypsum based plaster. The main principle of this method is to find the optimal amount of the first component. Then, optimal amount of the second component is sought while the amount of the first component remains constant. This method may lead to the design of a material with better properties, however, it may not be the optimal solution as the mutual interaction between the particular components is not considered.
Böse et al. [4] employed factorial experiments in order to design gypsum plaster composite. Design of the factorial experiment consists of two or more factors representing the components, each with several levels (e.g., dosing). The experimental plan is then formulated, consisting of all possible combinations of the levels across all factors. Such an experiment allows studying the effects of each factor on the response variable as well as the effects of interactions between factors on the response variable. It means the interaction between the components is taken into account. On the other hand, the main disadvantage of this method is that in the case of more components the experimental plan is Journal homepage: http://www.degruyter.com/view/j/msr very large which makes this method very expensive. If the number of combinations in a full factorial design is too high, a fractional factorial design may be done, in which some of the possible combinations are omitted. In this case there is danger that the optimal (but less probable) composition is not found.
Gencel et al. [5] used the DOE (design of experiment) method to optimize composition of gypsum composites containing vermiculite and polypropylene fibers. DOE is nowadays mostly used for the complex analysis of data and includes the planning and conducting of experiments, evaluation and optimization of results.
In this paper, a linear optimization method was used for the design of a lightweight-gypsum material. This method is commonly used in chemistry [6] - [7] , electrical engineering [8] - [9] , industrial processes [10] , statistics [11] , mathematics [12] , or other disciplines [13] - [15] where the results can be obtained almost immediately. However, design of composite building materials, cement-and lime-based in particular, is characterized by the technological lags necessary for the development of their structure and properties, which makes this method very time demanding. On the other hand, gypsum as the main binder can relatively quickly create the final structures with fully developed physical properties [16] - [17] . That is the reason why a linear optimization method was used in this paper for identification of optimal composition of lightweight-gypsum composite based on sequential measurement of physical parameters.
MATERIALS & METHODS

A. Applied materials
The chemically foamed gypsum was investigated. It was prepared using four components, namely gypsum, water, acid foaming agent and waste stone dust.
The commercially available gray gypsum produced by Gypstrend, Czech Republic was used as the basic material. The foaming was carried out using carbon dioxide originating from the chemical reaction between aluminum sulfate and calcium carbonate as follows [18] :
This kind of foaming was used for the first time nearly 100 years ago [19] . The real novelty brought by this paper lies in the application of waste stone dust as a source of calcium carbonate. The use of waste stone dust provides several economic and ecological benefits. In countries with large stone processing industry the amount of waste dust, emerging from cutting and polishing of stones, has become a serious problem. The dust has been landfilled so far, therefore new possibilities for its utilization have been investigated. The stone dust usually contains a certain amount of calcium carbonate, because of presence of minerals with high calcium carbonate content such as marble, limestone, chalk or travertine. Such dust is then ideal as a foaming trigger.
The applied stone dust, used for the lightweight-gypsum preparation, was taken from a local stonemason producer, Kamenictví Jež, in Beroun, Czech Republic. It was taken in the form of sludge remaining after underwater cutting and was mostly formed by marble and granite. The sludge was dried and then ground to the maximal particle size 100 μm (see Fig.1.) . The amount of the calcium carbonate in the dust was 68 %, which was sufficient enough for successful foaming initiation. Aluminum sulfate entering the chemical reaction described in (1) was a part of the liquid acid agent prepared using 300 g of aluminum sulfate and 150 g of citric acid dissolved in 1 liter of water [20] . Both aluminum sulfate and citric acid were standard, commercially available products. Because the aluminum sulfate is usually supplied in the form of very coarse crystals, its dissolution in water is more effective and economical than its grinding to very fine particles, considering its high solubility in particular. The addition of citric acid was necessary because it stabilizes the aluminum sulfate solution against hydrolysis. Moreover, citric acid serves as a retarder of setting as well.
B. Sample preparation and experimental methods
All lightweight-gypsum materials were prepared using the same procedure. The dry gypsum and stone dust were thoroughly mixed together at first. The measured amount of the liquid acid agent was then filled up with water to get the required volume and the dry mixture of gypsum and dust was added. The blend was mixed in a standard mixer for 30 s at the speed of 14 rev/min, wiped off and mixed again for another 30 s at the same speed (see Fig.2 .). After the mixing was finished, three standard test prisms (160×40×40 mm) were prepared. The samples were not compacted and the amount of material exceeding the molds was cut off using a knife several times. After hardening, the specimens were removed from the molds and dried at the temperature of 50 °C to constant mass.
Besides lightweight samples, also one set of solid nonfoamed gypsum prisms was prepared which was supposed to serve as a reference sample for the quantification of the effectiveness of lightening. The preparation was similar to foamed materials, but no foaming components were added. It means, only gypsum powder with water was used.
After seven days, the mass of the dry samples was determined and all their dimensions were measured using a digital caliper. The volume of each sample was calculated from the dimensions and the bulk density was determined as a ratio of the mass and volume. For the sake of comparison, selected samples were also subjected to the tests of pore size distribution, thermal conductivity and water vapor diffusion ability. The pore size distribution was determined using Mercury Intrusion Porosimetry (MIP, apparatus Pascal 140 + 440, Thermo Electron, Italy), thermal conductivity was measured by the pulse method (Isomet 2104, Applied Precision, Ltd., Slovakia) and water vapor diffusion resistance factor was measured using the cup method. A detailed description of these methods can be found in Černý et al. [21] .
The measurements of all physical quantities involved certain uncertainties which were generated, e.g., by the statistical processing of data sets, presence of inhomogeneities, or the accuracy of measurement devices. Additionally, these uncertainties may be further enhanced in subsequent calculations. Therefore, a thorough uncertainty analysis of measured data was performed according to ISO/IEC 98-3 [22] , which is commonly used in various experimental measurements of physical parameters e.g., [23] - [24] . All the obtained results were provided with expanded standard uncertainty at the confidence level equal to 95 %.
C. Description of the optimization procedure
The main principle of the applied linear optimization method was to find the optimum of a function with N variables. Having assigned one dimension, all the variables created an N-dimensional space together. Within this space, the simplex with N+1 vertices was projected. For instance, two-variable-simplex could be interpreted as triangle and three-variable-simplex as tetrahedron. The simplex with more variables could not be geometrically interpreted, of course [25] . Since the mathematical background of the optimization algorithm is rather extensive and is out of the scope of this journal, it was not included in this paper. However, the detailed information can be found in [26] , for example.
In the described optimization each vertex represented a particular mixture, which properties were supposed to be measured experimentally while the coordinates of each vertex represented the mixture composition (the weights of acid agent, stone dust and water related to the weight of gypsum).
The bulk density lower than 600 kg/m 3 and the compressive strength higher than 2 MPa were set as the intended physical properties of the designed material. The stone dust was supposed to be used in the highest possible amount.
Because the bulk density and compressive strength are inversely related and also the influence of the stone dust on the final properties could not be predicted, application of optimization method was necessary. Since the optimization of only one criterion (either bulk density or compressive strength) would inevitably lead to the worsening of the other property, the complex point criterion had to be formulated. The point value was assigned to specific range of measured parameters on the basis of previous measurements, experience, and requirements (see Table 1 .). Each vertex (mixture) was then evaluated as a sum of particular point values based on the results of experimental measurements.
The main target was to find the composition of lightweight-gypsum mixture with the highest point value. Based on the data presented in Table 1 ., it meant the mixture with the lowest bulk density, the highest compressive strength, and the highest amount of contained stone dust was being sought. After each vertex of the simplex was evaluated, the one with the lowest point value was rejected and projected through the average of the remaining vertices. According to the modification introduced by Nelder and Mead [26] , the shape of simplex was modified based on successful or unsuccessful projection in order to reach faster convergence towards the sought optimum. Therefore, operations like expansion, contraction, or shrinkage were allowed, as depicted in Fig.3 . The illustrative scheme of the convergence process towards the sought optimum is given in Fig.4 . All the optimization-related calculations were conducted using the freeware computer code SOVA 1.0 [27] according to the following algorithm:
1. The optimized property is defined (in this case the point evaluation) and the target value is set. 2. For each variable (in this case for each component of the mixture) the initial lower and upper values are defined. They can come out from the previous experience or from the producer's recommendation. 3. Based on the defined upper and lower values, the vertices of the initial simplex are proposed. 4. The mixtures corresponding to the vertices of the initial simplex are prepared, experimentally investigated and point-awarded. Based on these results, the vertex with the lowest point value is rejected and the new vertex is proposed. 5. The new mixture is prepared, experimentally investigated, point-awarded and compared to the value of the rejected vertex. One of the operations presented in Fig.3 . is then performed and the new simplex is created. 6. The vertex of the newly created simplex with the lowest point value is rejected and the new vertex is proposed.
7. The optimization process ends when the objective is reached or when the responses (i.e., experimental results) cannot be improved anymore.
RESULTS & DISCUSSION
Four vertices (labeled as GL1 -GL4) of the initial simplex were formulated based on the previous experience with the dosage of the particular components (see Table 2 .). After the mixtures had been prepared, their bulk density and compressive strength were determined and they were pointawarded. The composition of the new mixture GL5 was then proposed and the prepared specimens were tested. Following this procedure repeatedly, 17 mixture compositions were proposed step by step (see Table 3 .) and their physical properties were analyzed. Table 2 . Limiting values of the components for the initial simplex.
Stone dust
Acid components
Water/gypsum ratio
Lower limit 8 12 0.7
Upper limit 10 14 0.8 Table 3 . Composition of the lightweight gypsum mixtures. 2) w/g 3)
Gypsum Stone dust
Dry acid components
Comment
[%]
[%] 1) [%] The properties of all mixtures are summarized in Table 4 . It can be concluded that the mixture GL16 already reached the acceptable parameters and the mixture GL17 can be considered as the optimized material. The bulk density of the mixture GL17 was (586 ± 19) kg/m 3 , its compressive strength was (1.10 ± 0.07) MPa and the amount of contained stone dust was 25 %. Speaking about bulk density, the final reached value was even lower than the set target. At the same time, the mixture GL17 contained the highest amount of stone dust of all designed mixtures. Although the value of compressive strength of GL17 did not reach the intended 2 MPa, it could still be considered as sufficient.
The convergence of the optimization process towards the sought optimum is illustrated in Fig.5 ., where the point complex criterion of particular mixtures is shown.
After the optimization process, the pore size distribution, thermal conductivity, and water vapor diffusion resistance factor were measured for solid (non-foamed) gypsum G as a reference material, GL14 as a material with the middle bulk density, and GL17 as the result of optimization. The summary of measurements is given in Table 5 ., the pore size distribution is captured in Fig.6 .
The porosity of the most lightweight material GL17 was more than 26 % higher than the porosity of non-foamed gypsum G. It was also obvious that the CO2-induced pores were mostly larger than 100 µm, whereas in the non-foamed gypsum these pores practically did not exist. The difference in the pore structure could be observed with the naked eye (Fig.7.) . GD1  GD2  GD3  GD4  GD5  GD6  GD7  GD8  GD9  GD10  GD11  GD12  GD13  GD14  GD15  GD16  GD17 Complex point criterion initial simplex As it has been expected, the thermal conductivity of lightweight materials was significantly lower than that of solid gypsum. Since their values were lower than 0.1 W/(m·K), they could be classified as thermally insulating materials.
Having an open and breathable structure, already solid gypsum materials are considered as water vapor permeable. The permeability of the lightweight-gypsum materials was even higher; the water vapor resistance factor of GL17 was about 30 % lower than that of the solid gypsum G.
Apparently, the properties of GL17 predispose it to be used as an excellent permeable and thermally insulating interior plaster. Even if high water vapor permeability of interior plasters might be sometimes problematic from the hygric point of view, there are some cases when it might be convenient and desirable. Renovation of wet masonry can be mentioned in that respect, because plasters with high water vapor permeability enable humidity contained in building structures to be quickly released into the environment. GL17 can be also used for production of lightweight precast blocks or as thermal insulating plasterboards.
CONCLUSIONS
A lightweight-gypsum material with suitable physical properties was designed using a linear optimization method. The reason for its application was the obvious difficulties with the traditional design methods in this case; the particular components influenced each other synergically or inversely. Moreover, the course and kinetics of foaming reactions depend on many factors, making the properties of final materials hardly predictable. Without any systematic optimization the required results would have been achieved only after a significantly higher number of experiments and perhaps they would not have been achieved at all.
The linear optimization method proved to be a useful tool for the design of materials with desired properties, though it is not suitable for long lasting experiments. In the described case one step lasted 7 days, which was still acceptable. It was necessary to use a complex point criterion as a tool for the assessment of several parameters simultaneously; the optimization of only one property usually leads to the worsening of the others and the evaluation of all the requirements together would be unfeasible.
The results presented in the paper showed that a usable lightweight-gypsum material can be prepared using waste stone dust. The designed material is environmentally friendly and its production is economically effective as well. Its production is simple and does not require any special equipment. The optimized material has a bulk density of (586 ± 19) kg/m 3 and the compressive strength (1.10 ± 0.07) MPa. Although the strength did not achieve the initially intended value, it could still be considered as sufficient for non-bearing building components. Such a material can be used as thermal insulating plaster, in the lightweight and thermal insulating plasterboards, or for the production of lightweight precast blocks.
